Abstract Nanotechnology has the potential to profoundly transform the nature of cancer diagnosis and cancer patient management in the future. Over the past decade, quantum dots (QDs) have become one of the fastest growing areas of research in nanotechnology. QDs are fluorescent semiconductor nanoparticles suitable for multiplexed in vitro and in vivo imaging. Numerous studies on QDs have resulted in major advancements in QD surface modification, coating, biocompatibility, sensitivity, multiplexing, targeting specificity, as well as important findings regarding toxicity and applicability. For in vitro applications, QDs can be used in place of traditional organic fluorescent dyes in virtually any system, outperforming organic dyes in the majority of cases. In vivo targeted tumor imaging with biocompatible QDs has recently become possible in mouse models. With new advances in QD technology such as bioluminescence resonance energy transfer, synthesis of smaller size non-Cd based QDs, improved surface coating and conjugation, and multifunctional probes for multimodality imaging, it is likely that human applications of QDs will soon be possible in a clinical setting.
Introduction
To expedite the clinical application of nanotechnology, the National Cancer Institute (NCI) is currently funding eight Centers of Cancer Nanotechnology Excellence (CCNEs) and twelve Cancer Nanotechnology Platform Partnerships (http://nano.cancer.gov/). It is believed that combining development efforts in nanotechnology and cancer research may quickly and effectively transform the prevention, diagnosis, and treatment of cancer in the future. After establishing an interdisciplinary nanotechnology workforce, the goal was to have matured nanotechnology into a clinically useful field by 2010. The NCI Alliance for Nanotechnology in Cancer aims to develop research tools to help identify new biological targets, agents to monitor predictive molecular changes and prevent precancerous cells from becoming malignant, imaging agents and diagnostics to detect cancer in the earliest pre-symptomatic stage, multifunctional targeted devices to deliver multiple therapeutic agents directly to the tumor, systems to provide real-time assessment of therapeutic and surgical efficacy, and novel methods to manage symptoms that reduce the quality of life. The nanoparticles actively being pursued include quantum dots (QDs) [1, 2] , nanotubes [3] , nanowires [4] , nanoshells [5] , and many others [6] [7] [8] [9] . Among these, QDs are the most widely studied and have many potential clinical applications.
Organic fluorophores and dyes have been historically used to label cells and tissues for both in vitro and in vivo imaging [10] . However, due to their inherent photophysical properties such as low photobleaching thresholds, broad absorption/emission spectra, and small Stokes shifts, their use is limited and they are not ideal agents for multiplexing, long-term, or real-time imaging. On the other hand, QDs are inorganic fluorescent semiconductor nanoparticles with superior optical properties compared with organic fluorophores [11, 12] . QDs have unique size-and composition-dependent optical and electrical properties due to quantum confinement, hence their commonly used name of quantum dots [13, 14] . QDs have many desirable properties for biological imaging, such as high quantum yields, high molar extinction coefficients (1-2 orders of magnitude higher than organic dyes), strong resistance to photobleaching and chemical degradation, continuous absorption spectra spanning UV to near-infrared (NIR; 700-900 nm), long fluorescence lifetimes (>10 ns), narrow emission spectra (typically 20-30 nm full width at half maximum), and large effective Stokes shifts [15] [16] [17] [18] [19] [20] [21] [22] . Excitationemission matrix analysis has shown that QDs always emit the same wavelength of light no matter what excitation wavelength is used [23] . Therefore, multiple QDs with different emission spectra can be simultaneously visualized using a single excitation source (Fig. 1 ). Since the emission spectrum of each QD is narrow, the fluorescence signal of each QD can be readily separated and individually analyzed based on the emission spectrum in order to achieve multiplexed imaging.
QDs and their advantageous photophysical properties have given researchers new opportunities to explore advanced imaging techniques such as single molecule or lifetime imaging while also providing new tools to revisit traditional fluorescence imaging methodologies and extract previously unobserved or inaccessible information. Given their ability to cover nano, micro, and macro length scales, QDs are particularly useful to study the wide range of diverse molecular and cellular events involved in the pathology of diseases such as cancer. Since the first demonstration of the biomedical potential of QDs in 1998 [1, 2] , QD-based research has increased exponentially in recent years. In less than a decade, QDs have overcome many of the intrinsic limitations of traditional fluorophores and become powerful tools in fields such as molecular biology, cell biology, molecular imaging, and medical diagnostics. The purpose of this review is to summarize and highlight the biomedical applications of QDs to date and address future research directions, obstacles, and potential uses of QDs for clinical applications.
QD synthesis and conjugation strategies
QDs made directly in water often have a wide range of size distributions while QDs synthesized at high temperature (300°C) in organic solvents are more monodisperse [21, [24] [25] [26] . Surface passivation by depositing an inorganic capping layer (or shell) composed of a semiconductor material with a wider band gap than the core material can significantly increase the quantum yield, protect it from oxidation, and prevent leaching of Cd or Se into the surrounding solution [21, 27, 28] . Over the past decade, a variety of procedures have been developed for synthesizing high quality QDs, all of which are based on the initially reported high-temperature pyrolytic reaction [25] . QDs used in biomedical applications are colloidal nanocrystals typically synthesized from periodic groups of II-VI (e.g. CdSe, CdTe) or III-V (e.g. InP, InAs) including two-and three-element systems [25] [26] [27] [28] [29] [30] [31] . Depending on the component and size of the core, the emission peak can vary from UV to NIR wavelengths (400-1350 nm). Over the years, QD synthesis has become relatively simple, inexpensive, and highly reproducible with minor complications.
QDs synthesized in organic solvents typically have hydrophobic surface ligands [20, 21] . In order to make them water soluble, surface functionalization with hydrophic ligands can be achieved in many ways [21, 32] . For a comprehensive review, the readers are referred to ref. [21] . The first technique involves ligand exchange. The native hydrophobic ligands are replaced by bifunctional ligands which contain surface anchoring moieties (e.g. thiol) to bind to the QD surface and hydrophilic end groups (e.g. hydroxyl and carboxyl) to render water solubility [2, 33] . The second strategy employs polymerized silica shells functionalized with polar groups to insulate the hydrophobic QDs [1] . While nearly all carboxy-terminated ligands limit QD dispersion to basic pHs [34] , silica shell encapsulation provides stability over a much broader pH range [35] . The third method maintains the native ligands on the QDs and uses variants of amphiphilic diblock and triblock copolymers and phospholipids to tightly interleave the alkylphosphine ligands through hydrophobic interactions [36] [37] [38] . Aside from rendering water solubility, these surface ligands serve a critical role in insulating, passivating, and protecting the QD surface from deterioration in biological media.
Water soluble QDs can be functionalized through a diverse array of conjugation strategies due to the large surface area to volume ratio of QDs which provides numerous surface attachment points for functional groups. First, carboxylic acid groups on the QD surface can react with amines via EDC coupling [39, 40] . This strategy has been widely used to produce QD-streptavidin conjugates which can then be used to attach biotinylated molecules [41, 42] . The versatility of QD-streptavidin conjugates makes them attractive bioprobes, but the additive volume of QDs, streptavidin, and extra layer(s) of functional molecules limits their potential applications. The immunogenecity of streptavidin is also a concern for applications in living subjects [43] . EDC coupling can sometimes give intermediates which easily aggregate and can also make it difficult to control the number of molecules attached to the surface of a single QD. In an attempt to reduce the overall size of the QD conjugate, researchers have used direct crosslinking to attach ligands to the QD surface [44] . Second, the amine groups on the QD surface can react with active esters or they can be converted to maleimide (through a heterobifunctional cross-linker) for Michael addition of a sulfhydryl group in thiolated peptides, cysteine-tagged proteins, or partially reduced antibodies [45] . Third, the hydrophobic coating of QDs can be replaced with thiolated peptides (to form thiol-bonding between sulfhydryl groups and sulphur atoms on the QD surface) or polyhistidinecontaining proteins (histidine residues can coordinate to the QD surface Zn atoms via metal complexation) thus enabling direct attachment of proteins/peptides to the QD surface [46] [47] [48] [49] [50] . Finally, QD conjugation can also be achieved via adsorption or non-covalent self-assembly using engineered proteins [51] [52] [53] [54] .
Research has shown that a three-layer method using an antibody against a specific target, a biotinylated secondary antibody against the primary antibody, and a streptavidin coated QD can effectively label target molecules with QDs [38, 42] . This strategy is not limited to antibodies. QDstreptavidin conjugates are commercially available and can be used to attach virtually any biotinylated molecule to a QD surface. Although the overall size of the resulting QD conjugates are relatively large (>20 nm), this is not a major concern for in vitro applications. Two of the most prominent problems in QD functionalization are the lack of homogeneity when attaching surface proteins to QDs and the difficulty in precisely controlling the protein-to-QD ratios. Both of these complications may result in QD conjugates with misaligned protein orientations or large aggregates of surface proteins which are not fully functional or potentially nonfunctional. Although the biological function of these molecules has not been severely affected by QD conjugation in most reports, advances in conjugation strategy/chemistry are still needed in the future to provide a robust platform for QD functionalization.
QDs for in vitro and cell-based applications
Numerous in vitro and cell-based uses have been discovered for QDs because of their unique photophysical properties [22, [55] [56] [57] [58] . QDs can be used in place of traditional organic dyes in virtually any system and outperform dyes in the majority of cases. The major advantage of QDs is their strong resistance to photobleaching over long periods of time (minutes to hours), allowing acquisition of images with good contrast and signal intensity. Most QDs are much brighter than organic dyes due to the combination of higher extinction coefficients (0.5-5 · 10 6 M -1 cm -1 ) and higher quantum yields [20, 21] . QDs have been used in a vast number of in vitro and cell-based applications.
Cellular labeling
In recent years, QDs have made the most progress and drawn the greatest interest in the area of cellular labeling. Numerous cellular components and proteins (in live or fixed cells) have been labeled and visualized with functionalized QDs, such as the nuclei, mitochondria, microtubules, actin filaments, cytokeratin, endocytic compartments, mortalin, and chaperonin proteins [51, [59] [60] [61] [62] . The cell membrane proteins and receptors that have been labeled with QDs include prostate specific membrane antigen (PSMA), HER kinases, glycine receptors, serotonin transport proteins, p-glycoprotein, band 3 protein, and many others [20, 21, 37, 38, 42, 44, [63] [64] [65] [66] [67] . The excellent photostability of QDs is particularly useful for continuous illumination of three dimensional (3D) optical sectioning using confocal microscopy, where image reconstruction and quality has been severely limited by photobleaching of organic fluorophores [66, 68] . High sensitivity combined with virtually an unlimited number of well-separated colors all excitable by a single light source also makes QDs ideal probes for multiplexed cellular imaging (a representative example is shown in Fig. 2) [21, 68, 69] .
One of the most interesting aspects of QDs for use in immunofluorescence techniques is the small number of QDs necessary to generate a detectable signal. A number of studies have reported QD flickering in cellular specimens, a phenomenon termed ''blinking'' [70, 71] . QD blinking has shown that an individual QD can be observed with a sensitivity limit of one QD per target molecule in immunocytological conditions using current microscopy technology. QD blinking can be overcome by passivating the QD surface with thiol moieties [72] or by using QDs in free suspension [73] .
Cell tracking
As a result of their high photostability, QDs can be effectively tracked over an extended period of time in order to monitor cellular dynamics including movement, differentiation, and fate [36, 42, 63, 74] . Large quantities of QDs can be delivered into live cells using a variety of different techniques such as microinjection [36] , peptide-induced transport [75] , electroporation [76] , and phagocytosis [63] . Once internalized, QDs can spread to daughter cells during cell division. Lectin-coated QDs have been used to label gram-positive bacteria and a single QD can be tracked for several minutes as it diffuses into the membrane of live cells and moves within the cytosol [77] . QD-peptide conjugates have been transfected and retained in living cells for up to a week without detectable negative cellular effects [59] . Cellular endocytosis of QDs has also been studied in which the endocytosis efficiency of 15 nm QD conjugated sugar balls was compared with that of 5 nm and 50 nm particles and it was found that endocytosis was highly size dependent [78] . All these cell tracking studies would not have been possible to perform using traditional organic dyes.
Fluorescent in situ hybridization (FISH)
FISH uses fluorescently labeled DNA probes for gene mapping and identification of chromosomal abnormalities [79, 80] . FISH allows for visualization and mapping of cellular genetic material in order to quantify gene copy numbers within tumor cells that have abnormal gene amplification. DNA or oligonucleotides have been conjugated to QDs, and results from in vitro and cell-based assays have shown that these conjugates retain their ability to form complementary sequences of Watson-Crick base pairs [36, [81] [82] [83] [84] [85] [86] [87] [88] . The significantly brighter and more photostable fluorescence signals of QD over organic dyes can allow for more stable and quantitative uses of FISH for research and clinical applications (Fig. 3 ) [81] . It has recently been reported that the fluorescence intensity of QDstreptavidin based FISH probes varied according to the pH of the final incubation buffer [89] . However, the exact mechanism of this varying fluorescence has yet to be clarified. Recently, direct multicolor imaging of multiple subnuclear genetic sequences using QD-based FISH probes was achieved in Escherichia coli [90] .
Fluorescence resonance energy transfer (FRET)
FRET is a process in which energy is transferred from an excited donor to an acceptor via a resonant, near-field dipole-dipole interaction [91] . FRET is sensitive to the distance between the donor and the acceptor on the 1-10 nm range, a scale correlating to the size of biological macromolecules. FRET has been used with conventional organic dyes and fluorescent proteins in order to monitor intracellular interactions and binding events, but the results have been suboptimal [92, 93] . QDs were first reported for FRET applications in 1996 [94, 95] , and since then, [81] numerous studies have demonstrated the use of QD-based FRET in biological systems where QDs can be either energy donors or acceptors [48] [49] [50] [96] [97] [98] [99] [100] [101] [102] .
There are two distinct advantages of using QDs as FRET donors over organic fluorophores. First, QD emission can be size-tuned to increase the spectral overlap with a specific acceptor dye. Second, FRET efficiency can be significantly improved when several acceptor dyes interacting with a single QD donor [48] . Using a 6 nm QD with a dyelabeled protein attached to the QD surface, a FRET efficiency of 22% can be obtained for a single donor-acceptor pair [96] . Increasing the number of acceptors to five or more can increase the FRET efficiency to 58% [48, 96] .
Although FRET measurements using QDs can convey qualitative molecular association information and appear to have great potential as nanoscale biosensors, there are also a number of limitations with QDs for FRET which should be kept in mind. One major problem is the heterogeneity in QD size which can affect the precision of single-molecule FRET measurements unless the actual spectrum of each individual QD can be measured. QD blinking, which is strongly correlated with spectral jumping (changes in emission peak position), can also significantly affect FRET efficiency and accuracy [103] . Although QDs are superior FRET donors compared with organic dyes, they are not ideal FRET acceptors [104] . Red and NIR QDs are also not optimal for FRET applications due to the long distance between the donor and the acceptor, as well as the limited choice of organic dyes that absorb in this region.
Additional applications of QDs
In addition to the abovementioned studies, QDs have also been used for a variety of other purposes. Herein we highlight some recent literature on novel uses of QDs. A QD ''peptide toolkit'' has been constructed for the creation of small, buffer soluble, mono-disperse peptide-coated QDs with high colloidal stability [47] . QD-based probes have been used for co-immunoprecipitation and Western blot analysis, allowing for simpler and faster image acquisition and quantification than traditional methods (Fig. 4) [105] [106] [107] [108] . Since QDs are both fluorescent and electron dense, studies have investigated double-and triple-immunolabeling using light, electron, and correlated microscopy in cells and rodent tissues [109, 110] . Cellpenetrating QDs based on the use of multivalent and endosome-disrupting surface coatings has been reported [111, 112] . Using live HeLa cells, the motion of individual kinesin motors tagged with QDs has been successfully demonstrated [113] . This study demonstrated the importance of single molecule experiments in the investigation of intracellular transport. QD-based optical barcodes can detect single nucleotide polymorpisms where the DNA sequences differ only at a single nucleotide [114, 115] . In comparison with planar chips, bead-based multiplexing has many distinct advantages such as greater statistical analysis, faster assay time, and the flexibility to add additional probes at lower costs [116] . DNA-driven QD arrays have been investigated to utilize photogenerated currents for optoelectronic photoelectrochemistry [117] . QDs have also been used to track RNA interference [118] , target surface proteins in living cells [119] , detect bacteria [41] , and couple with other nanoparticles such as carbon nanotubes [120] .
Over the last decade, QD-based probes have found numerous applications where fluorescent dyes and proteins were previously the only tools available. QDs have allowed for complicated and difficult multiplexed cellular imaging which was previously impossible given the limitations of fluorescent dyes and proteins. Overall, QD-based probes have almost completely outperformed traditional organic dyes in in vitro and cell-based applications.
QDs for non-targeted imaging in living subjects
One of the primary goals of QD-based research is to eventually translate QDs for use in clinical applications such as in vivo imaging in human subjects. Modeling studies have revealed that two spectral windows exist for QD imaging in living subjects, one at 700-900 nm and another at 1,200-1,600 nm [121] . QDs that emit in the NIR region are suitable for biomedical applications because of low tissue absorption, scattering, and autofluorescence in this region which leads to high photon penetration in tissues [122, 123] . Optically quenched NIR probes based on fluorescent dyes have been employed to detect tumors and have been shown to generate strong signals after enzyme activation by tumor-associated proteases in vivo [124, 125] . NIR QDs provide a superior means to image disease states due to their brightness and photostability in comparison with commonly used fluorophores. For diagnostic purposes, the wavelength choice of NIR QDs can be matched to the scatter of living tissue for optimal biocompatibility [121, 126] . Significant improvements in QD synthesis, coating, and conjugation techniques combined with their photostability and brightness have made QDs invaluable tools for in vivo imaging. QDs have a large twophoton cross-sectional efficiency 2-3 orders of magnitude greater than that of organic dyes, thus making them well suited for deep-tissue imaging in living subjects using twophoton or time-gated low intensity excitation [73, 127] .
Cell trafficking
Individual QDs have been encapsulated in phospholipid block-copolymer micelles for embryo imaging [36] . Micelle encapsulation resulted in great reductions in photobleaching and low non-specific adsorption. After conjugation with DNA, QDs were directly injected into Xenopus embryos and QDs were found to be diffusely distributed throughout the cell during early stages of development while at later stages they mainly resided in cell nuclei. The fluorescence signal of QDs could be followed to the tadpole stage with little or no indication of cytotoxicity. QDs were also reported to have high fluorescent yield and robust photostability for successful imaging of zebrafish embryos [128] . In both studies, QDs were used as contrast agents in living organisms to demonstrate the efficacy of QDs for long-term studies. These findings have provided useful techniques in the fields of embryology, cell biology, as well as disease phenotyping and diagnosis. QDs have been used as cell markers to study extravasation in small animal models. QD-labeled tumor cells were intravenously injected into live mice and there were no distinguishable differences in behavior between the QDlabeled tumor cells and unlabeled cells [127] . This report successfully showed that QD-labeled tumor cells can permit in vivo imaging despite tissue autofluorescence. These QD-labeled cells could also be used to analyze the distribution of tumor cells in organs and tissues and to track different populations of cells. By using multiphoton laser excitation, five different populations of cells have been simultaneously identified.
Vasculature imaging
Two-photon imaging of vasculature through the skin of living mice has been reported with water-soluble CdSe/ ZnS QDs [73] . QDs were dynamically observed in capillaries as deep as several hundred micrometers, and no blinking in solution was observed on the nanosecond to millisecond time scale. Compared to conventional methods using 70-kD FITC-dextran, QDs provided significantly more information at the same depth. In another report, coronary vasculature was imaged in vivo and the effects of tissue absorbance, scatter, and thickness on the performance of QDs were analyzed when embedded in biological tissue [121] . Theoretical modeling suggested that optimal spectral windows for in vivo imaging exist at 700-900 nm and 1200-1600 nm. Using multiphoton microscopy, QDs can differentiate tumor vessels from perivascular cells and matrix better than traditional fluorescently-labeled dextran vessel markers (Fig. 5) [129] . Multiphoton microscopy through gradient index lenses has also been used for minimally invasive, subcellular resolution imaging of cortical layer V and hippocampus several millimeters deep in anesthetized live animals [130] .
NIR CdMnTe/Hg QDs have been used for deep-tissue in vivo optical imaging [131] . QDs were grown in aqueous solution and coated with bovine serum albumin. After either subcutaneous or intravenous injection, these QDs were used as angiographic contrast agents for vessels sur- [129] rounding and penetrating murine squamous cell carcinoma in mice. No significant photobleaching or degradation of QDs was observed even after an hour of continuous excitation. The stability of QDs combined with their time resolution of optical detection makes them attractive candidates for pharmacokinetic imaging studies.
Visualization of blood vessels in the chick chorioallantoic membrane, a popular model for studying various aspects of blood vessel development such as angiogenesis, was recently achieved with QDs [132] . Intravitally injected QDs were biocompatible and stayed in circulation for over four days without any observed deleterious effects. The vascular residence time was adjustable through different QD surface modifications. QDs with longer emission wavelengths (>655 nm) virtually eliminated all chick-derived autofluorescence. In comparison with FITC-dextran, QDs were able to image vessels as well as or better than FITC-dextran at 2-3 orders of magnitude lower concentration. QDs were also fixable with low fluorescence loss, allowing for further sample analysis when used in conjunction with histological processing.
Lymph node mapping
Lymph node imaging with QDs has been reported in living subjects. Type-II QDs, in which both the valence and conduction bands in the core are lower (or higher) than those in the shell, have tunable fluorescence emission while preserving the absorption cross-section [133] . NIR type-II CdTe/CdSe QDs (850 nm emission) were injected intradermally into live mice and pigs [24] . These QDs rapidly migrated to local sentinel lymph nodes (SLNs) and were imaged virtually background-free, allowing image-guided resection of a one centimeter deep lymph node in a pig (Fig. 6) . Imaging the lymph nodes one centimeter deep in tissue required only 5 mW/cm 2 of excitation. This study is the first demonstration of NIR QD-guided surgery, which takes advantage of both the spectroscopic properties and the relatively large size (>10 nm) of QDs. SLN mapping is clinically important since these are the sites where metastatic cancer cells are often found. Intraoperative SLN mapping in various locations of the body has also been reported in adult pigs [134] [135] [136] , where only 200 pmol of QDs was needed and these QDs quickly and accurately mapped lymphatic drainage and SLNs. Many other SLN mapping experiments have also been reported in mice [137, 138] and rats [139] [140] [141] . SLN mapping using QDs overcomes the limitations of currently available methods and provides highly sensitive, real-time image-guided dissection, which may permit potential mapping of SLNs and lymphatic flow in patients.
Simultaneous two-color in vivo wavelength-resolved spectral fluorescence lymphangiography using two NIR QDs with different emission spectra has been reported [142] . This study may provide insight into the mechanisms of drainage from different lymphatic basins that may lead to SLN detection of breast cancer as well as prevention of complications such as lymphedema of the extremities. Recently, it was demonstrated that QDs injected into model tumors rapidly migrated to SLNs [143] . PEG-coated QDs with terminal carboxyl, amino, or methoxyl groups all similarly migrated from the tumor to surrounding lymph nodes. Passage from the tumor through lymphatics to adjacent nodes could be dynamically visualized through the skin and at least two nodes could be typically defined. Imaging during necropsy confirmed QD confinement to the lymphatic system and demonstrated tagging of SLNs for pathology. Examination of the SLNs identified by QD localization showed that several of them contained metastatic tumor foci. Neural imaging Diffusion within the extracellular space (ECS) of the brain is necessary for chemical signaling and for neurons and glia to access nutrients and therapeutic agents [144, 145] . Integrative optical imaging was employed to show that water-soluble QDs diffuse within the ECS of adult rat neocortex in vivo [146] . This report could improve the modeling of neurotransmitter spread after spillover and ectopic release while establishing size limits for diffusion of drug delivery vectors such as viruses, liposomes, and nanoparticles in brain ECS.
Intravenously injected QDs were shown to be taken up by macrophages and localize to experimental glioma in a rat model using optical detection [147] . Initial QD injections were performed at a concentration of 6.8 lM in a volume of 500 lL, which is more than 15 times the dose injected for SLN mapping in a 35 kg adult pig (2,100 times based on the animal body weight) [134] [135] [136] . It was determined that an increase in concentration and volume may help QDs avoid early sequestration by the reticuloendothelial system (RES; e.g. lymph nodes, liver, spleen, and bone marrow [148] ) and provide a better chance for glioma uptake of QDs. Further increases in the injected QD dose by three fold resulted in detectable fluorescence signals in the rat brain [149, 150] . Although it is suggested that these techniques have the potential to be translated into clinical use in humans allowing QDs to optically guide brain tumor biopsies and resections, the enormous amount of QDs needed to generate detectable signal in the tumor is a major concern in terms of both toxicity and cost.
Surface coating and the in vivo behavior of QDs
Coating QDs with high molecular weight poly(ethylene glycol) (PEG) molecules can reduce QD accumulation in the liver and bone marrow [151] . QDs with different length PEG coatings were tested using light and electron microscopy on tissue sections and noninvasive whole-body fluorescence imaging. QDs were found to remain stable in the bone marrow and lymph nodes of animals after several months, demonstrating their high stability without interfering with normal cell physiology and cell differentiation.
Extensive study of different QD surface coatings revealed important insights for future design of QD-based probes and experimental setups [151, 152] . First, QDs are easily visible through the skin of nude mice using NIR QDs. The excitation wavelength is also important in determining how deep QDs may be observed. Second, carboxyl-coated QDs are rapidly taken up by the RES while amino-terminal PEG-coated QDs have varying halflives in circulation depending on the molecular weight of PEG. Third, when using neutral methoxy-terminated PEG (mPEG) coating, results vary depending on the length of the PEG and the degree of substitution. Highly substituted QDs yielded half-lives in the 3-to 8-h range for mPEG-5000 coated QDs (Fig. 7) . Increasing the PEG size to 10 kD or 20 kD produced no further improvement in the circulation half-life. Fourth, sites of deposition vary with the QD surface coating. Amino-PEG, carboxy-PEG, and mPEG-700 coated QDs are all deposited in the RES with sites slightly varying. Deposition of uncharged PEG coated QDs depended on the molecular size of the PEG and on the density of substitution. Most importantly, the injected dose of all types of QDs tested in these studies was excreted in the feces within 1-2 days.
In vivo targeted imaging using QDs
In order to make QDs more useful for in vivo imaging and other biomedical applications, QDs need to be effectively, specifically, and reliably directed to a specific organ or disease site without alteration. Specific targeting can be obtained by attaching targeting molecules to the QD surface. However, in vivo targeting and imaging is very challenging due to the relatively large overall size (typically about 20 nm in diameter) and short circulation time of QD conjugates. To date, there have been only a handful of successful reports in the literature.
Peptide-conjugated QDs
The first report to demonstrate in vivo targeting of QD conjugates employed peptides as the targeting ligands [46] . Peptide-conjugated QDs were injected intravenously into MDA-MB-435 breast carcinoma xenograft-bearing nude mice. Three peptides were tested: CGFECVRQCPERC (denoted as GFE) which binds to membrane dipeptidase on the endothelial cells [153, 154] , KDEPQRRSARLSAK-PAPPKPEPKPKKAPAKK (denoted as F3) which preferentially binds to blood vessels and tumor cells in various tumors [155] , and CGNKRTRGC (denoted as LyP-1) which recognizes lymphatic vessels and tumor cells in certain tumors [156] . Since the QD used in this study emits in the visible range which is not optimal for in vivo imaging, ex vivo histological analysis were carried out to show that QDs were specifically directed to the tumor vasculature and organ targets by the surface peptide molecules. A high level of PEG substitution on the QDs was found to be important to reduce non-selective accumulation in the RES, thereby increasing the circulation half-life and targeting efficiency. QD-F3 colocalizes with blood vessels in tumor tissue and QD-LyP-1 also accumulated in tumor tissue but did not colocalize with the blood vessel marker. QD-F3 and QD-LyP-1 (of different emission wavelength) injected into the same tumor mouse targeted different structures in the tumor tissue, showing that QDs can be targeted in vivo with a high level of specificity. This pioneering report first demonstrated the feasibility of specific targeting of QD in vivo and opened up a new field of QDbased research.
We reported the first in vivo targeted imaging of tumor vasculature using peptide-conjugated QDs [45] . Cell adhesion molecule integrin a v b 3 is highly expressed on activated endothelial cells and tumor cells but is not readily detectable in resting endothelial cells and most normal organ systems [157, 158] . Previous reports have demonstrated that integrin a v b 3 is an excellent tumor-related target [157] [158] [159] [160] [161] [162] [163] [164] [165] . The fact that integrin a v b 3 is over-expressed on both tumor vasculature and tumor cells makes it a prime target for in vivo targeted imaging using QDs, as extravasation is not required to observe tumor signal. Arginine-glycine-aspartic acid (RGD; potent integrin a v b 3 antagonist) containing peptides were conjugated to QD705 (emission maximum at 705 nm) and QD705-RGD exhibited high affinity integrin a v b 3 specific binding in cell culture and ex vivo. In vivo NIR fluorescence (NIRF) imaging was carried out on athymic nude mice bearing subcutaneous integrin a v b 3 -positive U87MG human glioblastoma tumors (Fig. 8) [45] . Tumor fluorescence intensity reached a maximum at 6 h post-injection with good contrast. The size of QD705-RGD (~20 nm) prevented efficient extravasation, thus QD705-RGD mainly targeted tumor vasculature instead of tumor cells. Immunofluorescence staining of the tumor vessels confirmed that the majority of the QD fluorescence signal in the tumor colocalizes with the tumor vessels. Successful in vivo tumor imaging using QD conjugates has introduced new perspectives for targeted NIRF imaging and may aid in cancer detection and management including image-guided surgery. This probe may also have great potential as a universal NIRF probe for detecting tumor vasculature in living subjects.
Antibody-conjugated QDs
QD-based probes can be delivered to tumors through either passive or active targeting mechanisms in living subjects. In passive targeting, macromolecules and nanometer-sized particles can accumulate in the tumor through enhanced permeability and retention (EPR) effects [166, 167] . Angiogenic tumors produce vascular endothelial growth factor [168] [169] [170] , which hyperpermeabilizes tumor neovasculature and causes leakage of circulating macromolecules and nanoparticles. Subsequent macromolecule or nanoparticle accumulation occurs since tumors lack an effective lymphatic drainage system. ABC triblock copolymer-coated QDs for prostate cancer targeting and imaging in live animals has been reported [37] . Research has identified prostate-specific membrane antigen (PSMA) as a cell-surface marker for both prostate epithelial cells and neovascular endothelial cells [171] . Polymer-coated QDs were conjugated to PSMA-specific monoclonal antibodies and it was estimated that there were 5-6 antibody molecules per QD. Using spectral imaging techniques where fluorescence signals from QDs and mouse autofluorescence can be separated based on the emission spectra [172, 173] , intravenously injected probe were found to accumulate in the tumor site (Fig. 9) [37] . Multiplexed imaging was also demonstrated in live animals using QD-labeled cancer cells. Since no histological analysis was carried out to investigate the expression level of PSMA on the tumor cells and tumor vasculature, it was unclear whether these QD conjugates targeted tumor vasculature or tumor cells. In addition, the QDs used in this study were not optimized for tissue penetration or imaging sensitivity because the emission wavelength was in the visible region instead of the NIR region. In a recent study, QDs were linked to anti-AFP (alphafetoprotein, a marker for hepatocellular carcinoma cell lines) antibody for in vivo tumor targeting and imaging [174] . No in vitro validation of the QD probe was carried out before the in vivo experiments. It was reported that active tumor targeting and spectroscopic hepatoma imaging was achieved using an integrated fluorescence imaging system. The heterogeneous distribution of the QD-based probe in the tumor was also evaluated by a site-by-site measurement method. A major flaw of this study is that it was not shown whether or not the anti-AFP antibody was actually attached to the QD. Therefore, there is not enough experimental evidence to support the conclusion that the tumor contrast observed was from active rather than passive targeting.
Tracking a single QD conjugated with tumor-targeting antibody in tumors of living mice was achieved using a dorsal skinfold chamber and a high-speed confocal microscope with a high-sensitivity camera [175] . QDs labeled with anti-HER2 monoclonal antibody were injected into mice bearing HER2-overexpressing breast cancer to analyze the molecular processes of its tumor delivery. Movement of a single QD-antibody conjugate (total number of QD particles injected was~1.2 · 10 14 ) was observed at 30 frames per second inside the tumor through the dorsal skinfold chamber. QDs were observed during six processes of delivery: in a blood vessel, during extravasation, in the extracellular region, binding to HER2 on the cell membrane, moving from the cell membrane to the perinuclear region, and in the perinuclear region. The movement of the QD-antibody conjugate at each stage followed a ''stop and go'' pattern. Despite the technical difficulty of this experiement, no information was obtained regarding the percentage of intravenously injected QDs that extravasated. Therefore, little can be concluded about the overall behavior of such QD-antibody conjugates in vivo. It was unclear whether the ''stop and go'' pattern is typical for the majority of injected QD conjugates or if it is only limited to a small subset of QDs. It is likely that the majority of the QD conjugates were taken up by the RES shortly after injection and that only certain QD conjugates such as the smallest particles actually extravasated.
Recent advances in QD technology

Bioluminescence resonance energy transfer (BRET)
QDs have shown great potential for molecular imaging and cellular investigations of biological processes. However, the requirement for external light excitation can partially offset the favorable tissue penetration properties of NIR QDs. This type of excitation also results in significantly increased background autofluorescence. The use of direct bioluminescence light to excite QDs has partially overcome this problem [176] . Luciferases have been widely used as reporter genes in biological research [177, 178] . However, the bioluminescence activity of commonly used luciferases is too labile in serum. Specific mutations of Renilla luciferase, selected using a consensus sequence driven strategy, were screened for their ability to confer stability of activity in serum as well as their light output [179] . A mutant Renilla luciferase with eight mutations (RLuc8) was selected with a 200-fold increase in resistance to inactivation in murine serum and a 4-fold increase in light output. Multiple molecules of RLuc8 were covalently conjugated to a single fluorescent QD, forming a conjugate about 22 nm in hydrodynamic diameter (Fig. 10) [176] . When RLuc8 bound its substrate coelenterazine, it converted chemical energy into photon energy and emitted broad spectrum blue light peaking at 480 nm. Due to the complete overlap of the RLuc8 emission and QD absorption spectra, QDs were efficiently excited in the absence of external light. In vivo imaging showed greatly enhanced signal-to-background ratio after injection of the QD-RLuc8 conjugate into the blood stream. RLuc8 can serve as a Fig. 9 Antibody-conjugated QDs for in vivo cancer targeting and imaging. Mouse on the left was a control. From [37] Fig. 10 Self-illuminating QDs based on bioluminescence resonance energy transfer. From [176] BRET donor for virtually any QDs and these probes can be used for multiplexed imaging. BRET has the potential to greatly improve NIRF detection in living tissue and similar QD conjugates can be obtained when RLuc8 is fused to other proteins, thus enabling new possibilities for imaging biological events [180] . One of the major goals BRET will have to achieve before it can be widely used for in vivo imaging is targeting specificity. Since there are many RLuc8 molecules on the QD surface which cover the majority of the QD surface area, it remains to be tested whether there will be enough space left to attach enough ligands for desirable targeting efficacy.
Non-Cd based QDs
There have been many serious questions and concerns raised regarding the cytotoxicity of inorganic QDs containing Cd, Se, Zn, Te, Hg, and Pb [181] [182] [183] [184] . These chemicals can be potent toxins, neurotoxins, and/or teratogens depending on the dosage, complexation, and accumulation in the liver and the nervous system. At very low doses, these metals are bound by metallothionein proteins and may be excreted slowly or sequestered in vivo in adipose and other tissues [181, 185] . Cadmium has a halflife of about 20 years in humans and it is a suspected carcinogen that can accumulate in the liver, kidney, and many other tissues since there is no known active mechanism to excrete cadmium from the human body [186] . Although many studies have found no adverse effects of QDs on cell viability, morphology, function, or development over the duration of experiments (hours to days) at concentrations optimized for labeling efficiency [36, 38, 63, 127] , the cellular toxicity of QDs under extreme conditions such as photo-oxidation and strong UV excitation has been clearly demonstrated [185, 187] . In general, the less protected the QD core or core/shell is, the sooner the appearance of signs of interference with cell viability or function as a result of Cd 2+ and/or Se 2-release. Thick ZnS overcoating (4-6 monolayers) in combination with efficient surface capping has been shown to substantially reduce desorption of core ions and make QDs more biologically inert [185] . Interestingly, the toxicity of QDs has been utilized for photodynamic therapy applications such as tumor ablation [188, 189] . As QD technology evolves and brighter probes are created with improved detection efficiency, the easiest way to decrease cytotoxic effects would be to use lower quantities of QDs. In many cases, the amount of free Cd 2+ ions released by QDs is far below the dose needed to cause cadmium poisoning in animal models.
InAs-based QDs can be a substitute for Cd-based QDs with lower cytotoxicity [138, 190, 191] . The amount of As used is estimated to be hundreds of times lower than the dose of As 2 O 3 used to treat human leukemia. Mn-or Cudoped zinc chalcogenide QDs have been reported and can cover a similar emission window as that of CdSe QDs [192, 193] . Besides the low toxicity by replacing Cd with Zn, such QDs are also less sensitive to environmental changes such as thermal, chemical, and photochemical disturbances. These doped QDs have color-tunability with good quantum efficiency and are promising candidates for future efforts to lower QD-based cytotoxicity. They also have narrow emission spectra (45-65 nm full width at half maximum) and can cover most of the visible spectral window. In the near future, it is expected that doped QDs that emit in the NIR region will be developed. Extensive scrutiny and research into the toxicity profiles will be needed before QDs can be employed in any medical procedures. In addition, further studies are also needed to investigate the clearance mechanism of QDs from living systems.
Moving towards smaller QDs
For inorganic nanoparticles such as QDs, the particle size and shape is relatively rigid compared to other organic nanoparticles such as dendrimers. To date, most of the QDs evaluated in vivo are 15 nm or more in hydrodynamic diameter. Although tumor vasculature is typically quite leaky, such size does not permit efficient extravasation. It is expected that with smaller sizes, QDs will extravasate more efficiently and give more efficient in vivo targeting of both tumor vasculature and tumor cells. Smaller sized QDs are also expected to have lower RES uptake which will translate into better image quality. Different core/shell structures and thinner polymer coating has been reported to reduce the overall size of QDs [137, 193] , and unusually small, water soluble QDs composed of InAs/ZnSe (core diameter < 2 nm) have been developed [137] . Although these QDs have lower quantum yield (<10%), the smaller size is attractive for imaging applications. These unusually small QDs were not trapped in SLNs, bur rather they migrated into the lymphatic system and the channels between the nodes. In addition, these small QDs could also migrate out of the blood vessels and into the interstitial fluid.
Dendron-coated QDs have high stability, versatility, and chemical/biochemical proccessibility [194, 195] . Unlike the typical polymer coating, dendron-ligands are tight and small in radial dimension, resulting in an overall smaller size of QDs (Fig. 11) . The surface density and length of the PEG units on the outer surface of the resulting dendroncoated QDs can be varied by synthesizing dendron ligands with different terminal structures. A ''peptide toolkit'' has been reported which can provide a straightforward means for improving biocompatibility for cell biology and in vivo applications [47] . In the future, it is likely that small molecule or peptide-coated QDs will have better opportunities for development and expansion in in vivo applications than protein or antibody-conjugated QDs.
Multifunctional probes
Among all of the molecular imaging modalities currently available, no single modality is perfect and sufficient to obtain all the necessary information [196] . Due to the current obstacles in fluorescence tomography [197] [198] [199] , it is difficult to adequately quantify QD signal in living subjects based on fluorescence intensity alone, particularly in deep tissues. Combining QD-based imaging with 3D tomography techniques such as positron emission tomography (PET), single photon emission computed tomography (SPECT), and magnetic resonance imaging (MRI) can permit the elucidation of targeting mechanisms, biodistribution, and dynamics in living animals with higher sensitivity and/or accuracy. One of the most promising applications for QDs is the development of multifunctional QD-based probes for multimodality molecular imaging in vitro and in vivo. A multimodality approach would make it possible to image targeted QDs at all scales, from whole-body down to nanometer resolution, using a single probe.
A series of core/shell CdSe/Zn 1-x Mn x S nanoparticles have been synthesized for use in both optical imaging and MRI [200] . Mn 2+ content was in the range of 0.6-6.2% and varies with the thickness of the shell or amount of Mn 2+ introduced to the reaction. The quantum yield and Mn 2+ concentration in the nanoparticles were sufficient to produce contrast for both modalities at a relatively low concentration. Bifunctional nanocomposite systems consisting of Fe 2 O 3 magnetic nanoparticles and CdSe QDs have been synthesized [201] . QDs can be coated with paramagnetic and pegylated lipids for use as detectable and targeted probes with MRI [202] . These QDs are useful as dualmodality contrast agents due to their high relaxivity and ability to retain their optical properties. Several other QDbased probes for both fluorescence imaging and MRI have also been reported (Fig. 12) [202] [203] [204] . Polymer-coated Fe 2 O 3 cores overcoated with a CdSe-ZnS QD shell and functionalized with antibodies have been used to magnetically capture breast cancer cells and view them with fluorescence imaging [205] . Magnetic QDs composed of CdS-FePt have also been synthesized [206] .
QDs have relatively large surface areas which can be conjugated with more than one targeting ligand. Novel tumor-specific antibody fragments, growth factors, peptides, and small molecules can be attached to QDs for the delivery of QDs to tumors in vivo for multi-parameter imaging of biomarkers, with the ultimate goal of guiding therapy selection and predicting response to therapy. This nano-platform approach will enable detection and measurement of many biomarkers simultaneously which may lead to better signal/contrast than QDs modified with only one type of targeting ligand. The ability to accurately assess the pharmacokinetics and tumor targeting efficacy of the biologically modified QDs is of crucial importance to assess future multitargeting (to target multiple targets with the same QD) and eventually multiplexing (to target multiple targets simultaneously using QDs of different emission wavelengths) studies. Dualmodality PET/NIRF imaging probe offers synergistic advantages over the single modality imaging probe by overcoming the difficulty of quantifying fluorescence intensity in vivo and ex vivo. For the first time, we quantitatively evaluated the tumor targeting efficacy of dualfunctional QD-based probes using both NIRF and PET imaging (Fig. 13) [207] . Both RGD peptides and macrocyclic chelator DOTA were conjugated to QD705. RGD peptides can allow for integrin a v b 3 targeting and DOTA can complex 64 Cu (a positron emitter with 12.7 h half-life) to enable PET imaging [160, 208, 209] . Non-invasive PET imaging using radiolabeled QD conjugates can provide a robust and reliable measure of the in vivo biodistribution of QDs. With further improvement in QD technology, it is expected that accurate evaluation of the in vivo tumor targeting efficacy using quantitative imaging modalities (e.g. PET) will greatly facilitate future biomedical applications of QDs. Such information will also be critical for fluorescence-guided surgery by sensitive, Fig. 11 Schematic illustration of the formation of dendron-coated QDs. From [195] Fig. 12 A QD-based probe for both fluorescence imaging and MRI. From [204] specific, and real-time intraoperative visualization of molecular features of normal and disease processes.
Conclusion and perspectives
QDs as biological probes have lived up to much of their initially promoted potential for in vitro and in vivo imaging. Since the first demonstration of QDs for biological applications [1, 2] , numerous breakthroughs in QD technology have led to the recent success of in vivo targeted imaging of QDs in live animals [37, 45] . Future development of improved QD-based biological probes for in vivo optical imaging is promising for both basic science and clinical applications.
Nanotechnology has the potential to significantly impact cancer diagnosis and cancer patient management. QDbased ex vivo protein nanosensors (e.g. FISH, FRET) and in vivo imaging are both critical for future optimization in cancer management. Ex vivo diagnostics in combination with in vivo diagnostics can markedly impact future cancer patient management by providing a synergistic approach that neither strategy can provide alone. After further development and validation, QD-based approaches (both ex vivo nanosensor and in vivo imaging) will eventually be able to predict which patients will likely respond to a specific anticancer therapy and monitor their response to personalized therapy (Fig. 14) . With their capacity to provide enormous sensitivity, throughput, and flexibility, QDs have the potential to profoundly impact cancer patient management in the future.
QD-based tumor imaging in mice can not be directly scaled up to in vivo imaging in human applications due to limited optical signal penetration depth. In clinical settings, optical imaging is relevant for tissues close to the surface of the skin, tissues accessible by endoscopy, and intraoperative visualization. NIR optical imaging devices for detecting and diagnosing breast cancer have been tested in patients and the initial results are encouraging [210, 211] . Multiple wavelength QDs emitting in the NIR region can Fig. 14 Patients can have their tumors biopsied and blood samples drawn for protein profiling by ex vivo nanosensors to predict their response to a given therapy. In addition, they will also be imaged with molecular imaging probes of different types to predict their response.
Post-treatment and potentially during treatment, patient response will be evaluated by blood analysis and molecular imaging to ensure the accurate differentiation of responders from non-responders.
Nanoscale Res Lett (2007) 2:265-281 277 allow for multiplexed imaging of deeper tissues, thus significantly extending potential human applications. QDbased multitarget imaging can also play an important role in optically guided surgery in the future. Overall, the major roadblocks for clinical translation of QDs are inefficient delivery, toxicity, and lack of quantification. However, with the development of smaller non-Cd based multifunctional QDs and further improvement on conjugation strategy, it is expected that QDs will achieve optimal tumor targeting efficacy with acceptable toxicity profile for clinical translation in the near future using either NIRF imaging alone or multimodality imaging.
